Despite great potential benefits, there are concerns about the possible harm from medical imaging including the risk of radiation-related cancer. There are particular concerns about computed tomography (CT) scans in children because both radiation dose and sensitivity to radiation for children are typically higher than for adults undergoing equivalent procedures. As direct empirical data on the cancer risks from CT scans are lacking, the authors are conducting a retrospective cohort study of over 240 000 children in the UK who underwent CT scans. The main objective of the study is to quantify the magnitude of the cancer risk in relation to the radiation dose from CT scans. In this paper, the methods used to estimate typical organ-specific doses delivered by CT scans to children are described. An organ dose database from Monte Carlo radiation transport-based computer simulations using a series of computational human phantoms from newborn to adults for both male and female was established. Organ doses vary with patient size and sex, examination types and CT technical settings. Therefore, information on patient age, sex and examination type from electronic radiology information systems and technical settings obtained from two national surveys in the UK were used to estimate radiation dose. Absorbed doses to the brain, thyroid, breast and red bone marrow were calculated for reference male and female individuals with the ages of newborns, 1, 5, 10, 15 and 20 y for a total of 17 different scan types in the pre-and post-2001 time periods. In general, estimated organ doses were slightly higher for females than males which might be attributed to the smaller body size of the females. The younger children received higher doses in pre-2001 period when adult CT settings were typically used for children. Paediatric-specific adjustments were assumed to be used more frequently after 2001, since then radiation doses to children have often been smaller than those to adults. The database here is the first detailed organ-specific paediatric CT scan database for the UK. As well as forming the basis for the UK study, the results and description of the methods will also serve as a key resource for paediatric CT scan studies currently underway in other countries.
INTRODUCTION
Since its introduction in the early 1970s the number of computed tomography (CT) scans performed annually has increased rapidly in developed countries, with the greatest increases occurring since the widespread introduction of multi-detector CT in the late 1990s (1) . In 2008 there were 3.4 million CT scans performed in England, an increase of 140 % since 1997 (2) . The increase in the USA was 280 % over the same period (3) and this pattern is repeated across other developed countries (4) . For children, there is less published evidence of an increase in the use of CT scans. However, in a study of usage in young people in the north of England between 1993 and 2002, the number of scans and scanned patients rose significantly over the study period (5) . Despite the great potential benefits, there are concerns about the possible harms from the rise in medical imaging including the risk of radiationrelated cancer. Studies of the atomic bomb survivors, as well as studies of medically exposed populations have demonstrated that radiation is carcinogenic to most human tissues and organs (6) . Based on these data a recent modelling study suggested that about 29 000 (95 % uncertainty interval: 15 000-45 000) future cancers could be related to the number of CT scans performed in 2007 in the USA including about 4500 cancers from exposures in childhood (7) .
There are particular concerns about CT scans in children for two reasons. Firstly, the radiation risk per unit dose for many cancers is higher for children than for adults and they have longer remaining life expectancy to demonstrate radiation-related effects (6) . Secondly, the radiation doses that children receive from these exposures can be higher than those that adults receive because of smaller body size and attenuation, especially if the technical parameters are not adjusted for the patient size (8) .
As direct empirical data on the cancer risks from CT scans are lacking, the authors are conducting a retrospective cohort study in the UK to determine whether the risk of developing cancer is increased in children who underwent CT scans (5) . So far, a cohort of 246 000 children and young adults (all under 22 y of age) who received over 400 000 CT scans during 1985-2002 from the electronic radiology information systems (RIS) held by radiology departments in Great Britain has been assembled. Cancer incidence is being ascertained through the National Health Service Central Register and regional cancer registries. Analyses will be focused on leukaemia and, depending on sample size, other known radiogenic cancers that occur at relatively young ages (brain, thyroid and breast). A key objective of the study is to quantify the magnitude of the cancer risk in relation to the radiation dose from CT scans. In order to achieve this goal, individual-level organ dose estimates for each exposed patient are required. In this paper, the methods used to estimate typical organ-specific doses delivered by CT scans to children during the study period 1985-2002 are described.
MATERIALS AND METHODS
The objective of radiation dosimetry in the cohort study was to estimate radiation doses to specific organs on an age-and sex-dependent basis for any given CT examination by calendar year. Specific organs of interest for the radiation dosimetry included the red bone marrow (RBM), brain, thyroid and breast. Firstly, an organ dose database using a series of computational human phantoms (newborns, 1, 5, 10, 15 y and adults for both males and females) was established. Secondly, available data for the radiation dosimetry, including electronic data on CT scans for the cohort members and CT scan practice in the UK from surveys conducted during the study time period were collected. Finally, the established organ dose database collected cohort CT scan information and the CT scan practice in the UK surveys were combined to estimate typical organ-specific doses to the cohort by patient age, sex, examination type and calendar year.
Calculation of organ dose database
Two comprehensive organ dose databases for CT scans in adults are available that were developed by two independent organisations using Monte Carlo simulations: National Radiation Protection Board (NRPB) in the UK (now part of the Health Protection Agency) (9, 10) and the National Research Centre for Environment and Health (GSF) in Germany (11, 12) . However, the NRPB data are limited only to adults and the GSF data are limited to only two paediatric ages: 2 months and 7 y, neither of which were standardised to the reference dimensions of body and organs suggested by the International Commission on Radiological Protection (ICRP) (13, 14) . More recently, a new class of computational human phantoms, called hybrid phantoms, was introduced by researchers at the University of Florida and the National Cancer Institute (15) . The hybrid phantoms combine the flexibility and the realism which are the major advantages of the previous stylised (16) and voxel (17) phantoms, respectively. The hybrid phantoms are based on reference body dimensions and anatomy of paediatric and adult individuals in compliance with the recommended organ and body dimensions from the ICRP (14) . The hybrid phantom series includes newborn, 1, 5, 10, 15 y and adult male and female reference individuals which provide higher age resolution than those adopted in the GSF database. In the current study, a new organ dose database for paediatric and adult males and females was established using the hybrid phantom series coupled with Monte Carlo simulation of the X-ray beam in a CT scanner (18, 19) . To simulate a CT scanner within the Monte Carlo calculations, detailed technical specifications of a SOMATOM Sensation 16-helical CT scanner were obtained from the manufacturer and simulated within a general purpose Monte Carlo radiation transport code, MCNPX2.6 (20) . MCNPX2.6 is designed to simulate the interaction of many types of radiation particle within a variety of materials over broad ranges of energies. The simulated CT scanner model was validated by comparing computed tomography dose index (CTDI) data measured from head and body CTDI phantoms with the values simulated using the Monte Carlo-based CT scanner model. The results agreed within 8 % which was similar to the results of comparisons from other investigators (21 -23) . A series of reference paediatric and adult hybrid phantoms were employed to establish the organ dose database: newborns, 1, 5, 10, 15 y and adult males and females (15) . The phantoms are based on real-patient CT images of the head and torso at the given ages with body dimensions and organ masses matched to international reference data, including the reference organ masses in ICRP Publication 89 (14) , the reference gastro-intestinal dimensions in ICRP Publication 100 (24) and the standard elemental composition of organs and tissues in ICRP Publication 89 and the International Commission on Radiation Units and Measurements Report 46 (25) . The arms were removed from each phantom to more realistically simulate typical armraised position in both head and torso CT scans, but right and left humeral heads were included to more accurately calculate their contribution to the active marrow dose. Figure 1 shows the three-dimensional frontal views of the hybrid phantom series ranging from newborn to adult male and female.
Organ doses from helical scans with a given scan range were approximated by the summation of doses from multiple axial slices included in the scan range of interest, which is the approach also used in CT-expo (26) , which is the software package based on the GSF organ dose database. This approach provides a great flexibility to the CT dosimetry calculations in which one can readily estimate organ doses for whatever CT scan coverage by using the pre-calculated organ dose database. Different sets of organ dose calculations were performed for a single axial scan which started from the top of head down to the bottom of the phantom with an interval of 1 cm. A total of 12 phantoms were generated and implemented into Monte Carlo calculations.
Accurate estimates of RBM dose are essential for the assessment of leukaemia risks. Absorbed doses to RBM in the organ dose database were calculated using a fluence-to-dose response function developed at the University of Florida (27) which is an updated version of the function developed at the Oak Ridge National Laboratory (ORNL) (16) . The fluence-todose response functions were derived using fractional skeletal masses and associated electron absorbed fractions as reported for the University of Florida adult male phantom, which were based upon micro-CT images of trabecular spongiosa taken from a 40-year old male cadaver (28) . The fluence-to-dose response functions relate the photon fluence in a skeletal source region and the absorbed dose in a skeleton target region. Photon fluence crossing the spongiosa region of each bone site was scored for 25 energy bins ranging from 0.01 to 10 MeV within the Monte Carlo simulation. RBM doses in each bone site were then calculated by multiplying the photon fluence by the fluence-to-dose response function. Total absorbed doses for RBM were calculated by weighting site-specific doses by the RBM distribution in reference individuals (18) .
Available data for cohort dosimetry
The study cohort was identified from 72 NHS trusts in England and Wales (corresponding to 97 hospitals) and 6 NHS boards in Scotland (corresponding to 13 hospitals). Electronic data from RIS were obtained for all patients who had one or more CT Figure 1 . Three-dimensional frontal views of the hybrid phantom series ranging from newborn to adult male and female used to generate an organ dose database.
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scans before 22 y of age during 1985 -2002. The retrieved data included patient identifiers, date of birth, sex and date and type of CT examination. Typical parameter settings were taken from two nationwide surveys of CT practice in the UK during the similar time period of this study (29 -31) . In 1989, a national survey was carried out by the NRPB in collaboration with the Institute of Physical Sciences in Medicine to estimate the frequency of use and estimate typical patient doses (30, 31) . The information on technical factors (e.g. kV p , mA s, pitch, etc.) typically used for 18 types of CT examinations was collected in the survey for 83 % of NHS scanners. The survey did not differentiate between settings for adult and paediatric patients, most likely because they were assumed to be the same or very similar at that time. In 2003, a second national survey was performed by the NRPB in collaboration with the CT User Group and the CT evaluation facility, ImPACT, of the Medicines and Healthcare products Regulatory Agency to assess potential changes in CT practice resulting from the introduction of multislice CT. The survey collected CT practice data for paediatric patients with three age groups (0-1, 5 and 10 y) as well as for adult patients. Selected procedures included six common CT examinations (routine head, abdomen, abdomen/pelvis, chest/ abdomen/pelvis, chest and high-resolution chest) for adults and two examinations (head and chest) for children. Technical setting data, including scan mode, tube voltage, tube current and rotation time and pitch were collected by questionnaire. For each examination, the values of CTDI w and CTDI vol per rotation, which represent X-ray output from a CT scanner, were calculated using the reported technical setting data. The two nationwide surveys are summarised in Table 1 .
Estimation of organ-specific doses for cohort
The numerous CT scan types in the cohort database were grouped into 17 different scan regions taking into account the specific organs of interest in this study ( Table 2 ). For example, the scan region defined here as 'brain CT' in Table 2 included any type of CT in which the brain has likely been scanned. 'Partial brain CT' was a separate category for scans such as the orbit and internal auditory meatus, which would usually result in a lower brain dose. Since only the RBM receives a measurable dose in the extremity scan, CT scans on any region of upper and lower extremities were grouped together. For multiple region scans, the radiation dose was estimated by summing the individual scans defined in Head, chest, high-resolution CT, abdomen, abdomen and pelvis and whole body. For each category of scan region, the typical scan length was estimated from a literature review and expert consultation (29, 30, 32) . The anatomical coverage of each scan category is also tabulated in Table 2 . For extremity scans, CT scan of the hand was the most common extremity scan (.50 %). As RBM dose from other extremity scans resulted in a similar dose to the hand scan, the dose estimates for the hand scan to all the extremity CT scans in the cohort were applied.
Increased awareness of the radiation doses and risks from paediatric CT scans has resulted in increased use of paediatric specific CT scan settings depending on the age or preferably weight of the patient. Since 2001, a greater use of age-adjusted CT examination has been reported (29, 33 -34) . Arch and Frush (35) observed that tube potential and current settings had decreased significantly for paediatric CT since 2001 and concluded that it was a reasonable assumption that these changes were due to efforts to increase awareness about the risks of radiation. To assess the temporal trend of CT settings in the UK, data from the pilot study for the cohort were analysed in which detailed technical settings of CT scans were abstracted from CT films for 333 patients from three Newcastle hospitals, collectively known as the Newcastle NHS Foundation Trust. Linear regression models were used to analyse the temporal trend in the current-time product (mA s) for head, chest and abdomen CT scans by calendar year taking into account the age of the patient. There was a significant decreasing trend in mA s with increasing year ( p , 0.05, which is defined as the probability of obtaining a test statistic at least as extreme as the one that was actually observed.) for each type of CT scan. Further examination of the data suggested that this was largely due to a step change around 2001 rather than a gradual decline over time. When the data were analysed before and after 2001 there was no clear evidence of a trend in mA s within each time period. This may correspond to the high level of attention that the problem received after the simultaneous publication of three papers on the topic in 2001 (8, 36, 37) . Therefore, technical settings in the study before 2001 were based on the 1989 NRPB survey and after 2001 they were based on the 2003 survey. It was also assumed that technical settings did not depend on age, or height and weight, before 2001. The national survey in 2003 collected technical settings for children in three age groups (0-1, 5 and 10 y). These age-specific settings for CT scans performed after 2001 were used and the survey data for adults were used for scans performed over the age of 15 y.
The organ dose database generated in this study was normalised by CTDI values and then multiplied by scan-specific CTDI to obtain organ doses for a given scan. Therefore, it was necessary to determine CTDI for each scan region. CTDI vol by patient ages from the 2003 survey data (Table 3) was used. Since CTDI vol values were not available in the 1989 survey, they were calculated using the scan settings (e.g. kV p kV p , mA s and pitch) for each CT scanner model from the survey data and CTDI coefficients published by ImPACT (30, 38) . The 2003 CT practice survey in the UK included only head and chest CT examinations. For the other CT scans (e.g. abdomen scans) of paediatric patients, adult CTDI vol values by assuming the same child-to-adult ratio as for the chest scan were adjusted. The CTDI vol values used for organ dose estimates by time period, patient age and scan region are summarised in Table 3 . (Table 3) , was assumed for children and adults, the brain doses decrease as the age increases due to the increasing body dimensions. For post-2001, 25, 34, 44 and 56 mGy were assumed for ages 0, 1, 5, 10, 15 y, and adults, respectively, which results in an overall increase in brain doses for older individuals. In both time periods, females receive greater brain doses than males after the age of 10 years which might be caused by their smaller head dimension compared with that of males. Similar trends in dose with age and time period are observed for thyroid and breast doses as shown in Figure 2b and c, although the differences in the thyroid and breast doses between the two time periods are greater for adults compared with those of the brain dose as shown in Figure 2a . As for the pre-2001 period when the scan protocol for adults was applied to children, the newborn receives 1.7-fold greater brain dose than the adult male in the brain scan.
The thyroid and breast in the newborn undergoing chest scan receive 1.4-and 1.7-fold greater doses, respectively, than those in the adult male. Figure 2d shows the RBM doses in the male and female exposed to the brain CT scan for the two time periods. The RBM dose significantly decreases with increasing age at exposure. Before 2001 the newborn receives about an 8-fold greater RBM dose than the 20-year old individual. The RBM dose for the brain examination is mostly dependent on the distribution of the RBM in the cranium and mandible, which is significantly lower in the older individuals than in younger ones (39) . The difference in the RBM doses between newborn and adult is substantially decreased after 2001 since approximately half of the CTDI vol value, 25 mGy, is used for the newborn compared with 56 mGy for adults. Females receive slightly greater RBM doses compared with males which might be attributed to the smaller head size.
CONCLUSION
State-of-the-art paediatric phantoms combined with detailed national survey data to estimate typical organ-specific doses delivered by CT scans to children for a retrospective cohort study in the UK were used. Absorbed doses to brain, thyroid, breast and RBM were calculated for reference male and female individuals of ages 0, 1, 5, 10, 15 and 20 y for a total of 17 different scan types for the two time periods 2001 and .2001.
To the authors' knowledge, the organ dose database established in this study provides the only detailed and comprehensive estimates of typical organ doses by patient age, sex and time period for various types of CT scans. Although some dose estimates from CT scans were reported based on national survey data or literature review (29, 30, 34, 40, 41) , they typically provided effective dose rather than organ doses, which are necessary for epidemiological studies. Also, the data were generally limited to adults. A key strength of this study was the use of a series of phantoms with a higher age resolution from newborn to adults for both males and females and with more realistic anatomy compared with the existing computational phantoms used in CT dosimetry. In addition, the latest bone marrow dosimetry models considering more realistic bone marrow fraction and dose response function by patient age was used. These advanced features have the ability to result in more accurate organ-specific dose estimates for epidemiological analysis.
Nevertheless, there are a couple of important assumptions involved in dose estimates where practical data were not available. Average CT scan setting data from national surveys rather than data from individual patients were used because these could not be obtained for the full cohort. The authors also assumed no technical adjustment depending on age before 2001. It will be necessary to perform an uncertainty analysis of dose estimates in the cohort study to assess the impact of the dose uncertainty on the epidemiological risk analysis.
The database here is the first detailed organ-specific paediatric CT scan database for the UK. It will be used to quantify the magnitude of the cancer risk in relation to the radiation dose from CT scans in this cohort study. The results and description of the methods are also an essential resource for other paediatric CT scan studies currently underway in other countries.
